Incorporation of trace elements into calcium phosphate structure is of great interest for the development of artificial bone implants. Biphasic calcium phosphate (BCP) composed of hydroxyapatite (HA) and β-tricalcium phosphate (β-TCP) have been synthesized in the presence of magnesium (5 M% -20 M%) by gel method under physiological conditions. Crystallization of Mg-BCP in the gel medium mimics the Mg intake in the human body. Powder X-ray diffraction and Fourier transform infrared analyses confirmed that the Mg doping leads to the enrichment of β-TCP phase and suppresses the HA content in BCP. Nanoindentation studies indicate a significant decrease in hardness and elastic modulus values of BCP due to Mg doping. In vitro bioactivity study has confirmed the formation of apatite layer on the Mg doped samples making it suitable for bone replacement. The results suggest that the optimum Mg doping promotes the bioactivity which is perquisite for biomedical applications.
Introduction
Biphasic calcium phosphate (BCP) composed of a mixture of hydroxyapatite (HA, Ca 10 (PO 4 ) 6 (OH) 2 ) and β-tricalcium phosphate (β-TCP, β-Ca 3 (PO 4 ) 2 ) are interesting candidates in reconstructive surgery [1] [2] [3] . They are particularly suitable for synthetic bone substitution applications because the HA provides a permanent scaffold for new bone formation via osteoconduction and the resorption of the β-TCP oversaturates the local environment with Ca 2+ and ions to accelerate this new bone formation. The HA/β-TCP ratio dominantly determines the rate and extent of BCP resorption in vivo, in that higher β-TCP contents allow faster and more extensive resorption [4] . Magnesium, one of the most important divalent ions associated with the biological apatite, has its own significance in the calcification process and on bone fragility and has indirect influence on mineral metabolism. BCP with Mg incorporation has been the subject of extensive research because of its potential for developing artificial bone and other biomedical applications [5] . The amount of HA and β-TCP in BCP can be tailored by the insertion of Mg. Independently, Mg doped HA is of great interest for the development of artificial bones. The presence of Mg 2+ within HA lattice sensibly affects apatite crystallization in solution promoting the formation of β-TCP and thus forming BCP [6] . 3 4 PO  Several methods have been reported to prepare Mg substituted HA, β-TCP and BCP [6] [7] [8] [9] . Ryu et al. [7] showed that the MgO-doped HA/β-TCP synthesized by conventional solid state reaction method exhibited high density and improvements in compressive strength and fracture toughness. In particular, the compressive strength shows 1203 MPa, which is three times greater than the undoped HA/β-TCP composite. Gomes et al. [1] have reported that the bioactivity of the BCP has improved due to the presence of Mg atoms in the structure of the β-TCP phase. Kannan and Ferreira [8] have reported that the sodium, magnesium and fluorine co-substituted HA/β-TCP composites have higher thermal stability upto 1400˚C. In general, sol-gel and precipitation methods need high temperature heating to produce BCP phases, and the high temperature treatments results in the formation of minor phases such as CaO and MgO [1] .
Earlier we have demonstrated that the strontium (Sr) doped BCP synthesized by gel method was free from these impurities [10] . As the gel medium offer the possibility to mimic the growth of various biominerals in environments similar to natural biomineralization [11, 12] , we have carried out the synthesis of BCP in sodium metasilicate gel with various concentration of magnesium. Effect of Mg addition on the HA/β-TCP ratio, morphology, bioactive properties and mechanical behavior of BCP have been investigated. agents. Single diffusion gel method was employed to prepare BCP using sodium metasilicate (SMS, Na 2 SiO 3 ·9H 2 O) gel. The gel was prepared by mixing SMS solution of specific gravity 1.03 g/cm 3 and 0.6 M of disodium hydrogen phosphate (Na 2 HPO 4 ) in the ratio 1:1. The pH of the solution was adjusted to 7.4 using 10% glacial acetic acid. About 10 ml of this solution was allowed to gel in a test tube over a period of 2 days. After the gelation, 1 M anhydrous CaCl 2 solution was poured on the gel without disturbing it. Growth experiments were carried out at room temperature for a period of three weeks. Finally, samples were harvested by decanting the test tubes and the gel was removed by washing. The samples were kept in hot air oven (60˚C) for 2 hours. In another series, supernatant solution was prepared by mixing 1 M of anhydrous CaCl 2 with 0.05, 0.1, 0.15 and 0.2 M of magnesium chloride (MgCl 2 ·2H 2 O) and the growth was carried out as described above. BCP crystallites collected from middle layers of each test tube were subjected to systematic studies to understand the role of Mg on the growth and mechanical properties. Both the pristine and Mg doped BCP were sintered at 1000˚C in ambient atmosphere for 5 hours and the resulting powders were characterized by commonly used techniques.
Powder X-ray diffraction pattern was recorded on Bruker AXS D8 advanced diffractometer within the 2θ range of 10 to 55˚ using CuKα1 as X-ray source (λ = 1.5406 Å). Surface analyses were carried out on BCP samples using scanning electron microscopy (SEM) JSM 5610 LV JEOL make. Elemental analyses were done using the OXFORD INCA energy dispersive X-ray spectrometer (EDX) attached to SEM. Thermogravimetry of samples was performed using TA instruments SDT Q600 V8.3 in the temperature range of 30˚C -1200˚C at the heating rate of 20˚C/minute in nitrogen atmosphere. FTIR spectra were recorded on a Perkin Elmer (Spectrum RXI) spectrometer in transmission mode in the wave number range between 400 and 4000 cm −1 using KBr pellets.
To test the in vitro bioactivity, the samples were immersed in simulated body fluid (SBF). The SBF was prepared according to the procedure described by Kokubo [13] . Samples were pressed into pellets of about 8 mm diameter and 1 mm thickness and the pellet was immersed in 15 ml of SBF solution in airtight plastic container. The solution was renewed every 48 h for a period of three weeks. Then the samples were taken out, washed with deionized water and dried. The morphological variation of the pellets surface after soaking in SBF was studied by SEM.
For characterizing the mechanical response, both pristine and Mg doped BCP were die-pressed and sintered at 600˚C for 5h in ambient atmosphere. Indentation impressions were made by nanobased indentation system NHTXS/S: 50-0172 with diamond Berkovich indenter. The force used for all the samples was 100 mN with loading and unloading rate of 20 mN/min. A minimum of 10 indents were made on each sample. Distance between two separate indents was more than 20 μm to avoid the influence of residual stresses from adjacent impressions. From the load (P)-penetration depth (h) curves, the shape of the unloading curve can be used as a means of obtaining the elastic properties and hardness of the sample. The slope S is the initial unloading stiffness, A is the projected area of contact and E r is the reduced modulus determined by a method that has been developed and described by Oliver and Pharr [14] .
The elastic modulus of the sample E s can be calculated using the relation
where E i is elastic modulus of the indenter tip, ν s and ν i are the Poisson ratio of the sample and indenter tip respectively. The hardness (H) which is defined as the mean pressure that the material will support under load is determined by the following relation max P H A  where P max is the maximum applied load.
Result and Discussion

Synthesis of BCP
Biphasic calcium phosphate consisting of HA and β-TCP was successfully synthesized by gel method. Upon the addition of CaCl 2 solution on the top of the set gel in the test tubes, Ca 2+ diffuses into the gel and reacts with 3 4 PO  producing white precipitate at the gel solution interface. Just below this, a circular white disc was observed after one day. Subsequently, 12 discs of about 3 mm thickness each have grown in the gel medium over a period of three weeks. The space between successive white discs was found to increase towards the bottom of the test tube from the interface due to the lack of diffusion of "Ca" from top of the gel down to the bottom of the tube. These white colored circular discs, commonly known as Liesegang rings, were identified as BCP (Figure 1(a) ).
In Mg added experiments, Liesgang rings have appeared 4 to 5 days after the addition of supernatant solu- tion which indicate that the initial nucleation and growth rate were retarded due to the presence of Mg in the growth environment. The number of white discs got decreased as the concentration of Mg (0.05 -0.2 M) increased in the supernatant solution (Figures 1(b)-(e) ). We could collect the products grown with 0.05 and 0.1 M Mg only. The white discs formed at higher Mg levels (0.15 and 0.2 M) were very fragile and got mixed up with the gel at the time of harvest. It should be noted that the amount of Ca present in the growth environment remained the same as that of pristine BCP and Mg was added as additive only. Thus the presences of Mg seem to inhibit the formation of BCP. This inhibitory effect may be attributed to the incorporation of smaller Mg 2+ (0.66 Ǻ) at larger Ca 2+ site (1.00 Ǻ) [15] . The presence of strontium (Sr 2+ , 1.13 Å) in the growth environment is also known to inhibit the formation of BCP [10] . Compared to Sr 2+ , the Mg 2+ has a strong influence on the growth rate and total yield of BCP. The solubility of the ionic impurity in the mother solution has been considered as an indicator of the strength of the interfacial coordination, the highest solubility corresponding to the weakest interaction [16] . The addition of MgCl 2 ·2H 2 O with relatively high solubility affects the solubility of the growth environment. Thus the Mg addition seems to inhibit the less soluble HA growth and lead to the formation of initial transient phases such as TCP [17] . In both pure and Mg added growth experiments (0.05, 0.1 M %), DCPD crystals (CaHPO 4 ·2H 2 O) have grown in between the rings. No such crystals were found at higher concentration of Mg. Bigi et al. [18] also found significant inhibition by Mg 2+ on DCPD crystals.
Powder XRD Analyses
The as prepared BCP (undoped) and Mg-BCP (Mg doped BCP) samples were identified as a mixture of HA and -TCP (Figures 2(a) and (b)) in agreement with the JCPDS standards (09-0169 for β-TCP and 09-0432 for HA). For Mg-BCP, XRD peaks corresponding to β-TCP planes (0 2 10, 1 1 0) were found to be highly intensed and the planes (2 1 1) corresponding to HA was less intensed. Contrary to the BCP, Mg doping enriches β-TCP content and suppresses the HA formation. A number of ions are known to inhibit and disrupt nucleation of Ca-P phases. Salimi et al. [19] showed that the Mg 2+ has a marked inhibiting effect on HA growth. They attributed the inhibitory effect of Mg 2+ to its adsorption at active growth sites. This kinetically hinders nucleation of HA. In our earlier work, we found that the Sr 2+ doping has enhanced the formation of HA and reduced the β-TCP content in the BCP composites which was attributed to the difference in ionic size of the dopant Sr 2+ (1.13 Ǻ) in place of Ca 2+ (1.00 Ǻ). High temperature annealing (1000˚C) of pristine BCP resulted in the occurrence of more distinct and sharp XRD peaks of β-TCP (Figures 3(a) and (b) ). Contrary to this, Mg-BCP samples have mainly β-TCP with traces of γ-Ca 2 P 2 O 7 phase. Further, the XRD peaks of the Mg doped samples have been slightly and continuously shifted to higher diffraction angles and there was a slight decrease in their peak intensity (see inset of Figure 3 ). Table 1 shows the variation of lattice parameters of the investigated samples. These results suggest that Mg is preferentially incorporated into the β-TCP phase, the replacement of Ca by Mg induces lattice contraction and the respective displacement toward higher 2θ angles [7] . Gomes et al. [1] reported the occurent of minor impurity phases CaO, CaCO 3 and MgO in the pristine and Mg-BCP samples sintered at high temperature (500˚C - 1100˚C). In the present case, both the as prepared and sintered (1000˚C) samples synthesized by gel method did not indicate the presence of any such impurity phases up to the resolution limit of the XRD measurement.
SEM-EDX Analyses
Define abbreviations and acronyms the SEM pictures of the pure and 0.1 M Mg-BCP samples are shown in Figures 4(a) and (b). The micrograph of BCP consisted of fibers with an anisotropic aspect of approximately 6 -10 m in length and 0.5 -1.0 m in width (Figure 4(a) ). The Mg-BCP consisted of agglomerates of fibers on the surface (Figure 4(b) ), which confirmed that the presence of Mg changed the growth pattern. An in vitro bioactivity test of pure and 0.1 M Mg-BCP samples are shown in Figures 4(c) and (d) . Mg-BCP has revealed the formation of apatite layer on the surface of the pellets when compared to that of pure BCP. The newly formed apatite layer consisted of tiny spherical particles of calcium phosphates (Figure 4(d) ). This is in accordance with the fact that a bioactive material would form a layer of apatite between bones and implant which helps in bonding of the implant to bone [13] . EDX measurements were made at different points on the samples and the results show that the BCP is primarily composed of calcium and phosphorus without the presence of other impurities (Figures 5(a) and (b) ). In BCP, the Ca/P ratio was found to be 1.58 [20] . In Mg-BCP, (Ca+Mg)/P ratio was estimated at 1.42. The average atomic percentages of the individual elements are shown in Table 2 . It can be noticed that the addition of Mg leads to the "Ca" reduction when compared to BCP sample. The average Mg value in the 0.1 M Mg-BCP was estimated to be 3.52 atm%.
Thermogravimetric Analyses
TG curves of BCP and Mg-BCP are shown in Figure 6 . In both the cases, initial weight loss up to ≈450˚C was due to the loss of adsorbed water (up to 200˚C) and lattice water (up to 450˚C) [21] . Above this, weight loss occurred in several steps between 450˚C and 900˚C which indicate the transformation of HA into β-TCP phase in the BCP [22] . The total weight loss up to the measured temperature of 1200˚C was found to be 10.02% and 12.02% respectively for pristine and Mg doped BCP. In addition, a slight decrease in the decomposition temperature for Mg doped sample was observed in the TG curve. These observations suggest that the Mg doping lead to the reduced thermal stability of BCP.
FTIR Analyses
The FTIR spectra of BCP and Mg-BCP show vibrational bands characteristic of calcium phosphate compounds (Figure 7) . The band at 1031 cm −1 is assigned to the tri- ply degenerate ν 3 asymmetric P-O stretching mode. The peak at 961 cm −1 is attributed to ν 1 , the non-degenerate P-O symmetric stretching mode. The peaks at 601 and 562 cm −1 correspond to the triply degenerate ν 4 , O-P-O bending mode and the band at 460 cm −1 is attributed to the doubly degenerate ν 2 , O-P-O bending mode. The bands at 1640 and 3441 cm −1 are assigned to the adsorbed water [23] . The low intensity hydroxyl group at 3553 cm −1 indicates the presence of HA/TCP [24] . The low intensity OH − group at 3553 cm −1 of the BCP was not visible in the case of Mg-BCP sample. Moreover, broadening of phosphate band at 1000 -1100 cm −1 and the weak bands at 869, 1371 cm −1 due to the P-O(H) stretching in groups have appeared in the Mg- BCP only [25, 26] . The peak broadening of phosphate group and new peaks have confirmed the formation of tricalcium phosphate due to Mg doping.
Nanoindentation Studies
Mechanical behavior of the BCP samples was investigated in terms of hardness and elastic modulus obtained by nanoindentation. Figure 8 shows the typical loadpenetration depth (p-h) curves obtained for BCP and Mg-BCP samples. For comparative analysis, the p-h curve of Sr doped BCP is also incorporated [10] . In all the three cases, the p-h curves are associated with the displacement bursts or pop-ins as indicated by arrow marks in Figure 8 . Similar pop-ins observed in the p-h curves were reported to be associated with pile-ups around the indent mark for HA and β-TCP single crystals [27] . The mean value of elastic modulus (E) and hardness values (H) of BCP, Sr and Mg doped BCP calculated from the p-h curves are shown in Table 3 . It can be noticed that the E and H values for the Mg doped BCP is lower when compared to that of pure and Sr doped samples. The observed decrease in hardness values could be attributed to the enrichment of β-TCP phase and the difference in sizes between Ca (1.00 Å) and the dopants Sr (1.13 Å) and Mg (0.66 Ǻ). However, all the p-h curves show an elastic recovery after the removal of the applied load.
Conclusion
The Mg doped biphasic calcium phosphate was successfully synthesized by the simple gel method. The as prepared and sintered (1000˚C) samples did not indicate the presence of impurities like CaO, CaCO 3 , MgO and nitrates. The presence of Mg 2+ ions in the growth environ- ment suppresses the nucleation and subsequent growth of BCP. Powder XRD results confirmed phase formation and the variation in HA/TCP content in BCP as a function of Mg in the starting compound. When compared to undoped BCP, Mg-BCP samples exhibited a higher proportion of β-TCP content. XRD and EDX analyses confirmed Mg doping into BCP. The SEM micrographs showed that the microstructural morphology of BCP changes from fibrous for pristine BCP to agglomerates of fibers for Mg-BCP. The nanoindentation results revealed that the hardness (H) and elastic modulus (E) of BCP slightly decreases due to Mg doping. The in vitro bioactivity study showed that the Mg doped BCP could induce apatite formation on their surface after three weeks of soaking in simulated body fluid which is desirable for bone replacement applications. 
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